Background: Mobile health (m-health) utilizes widespread access to mobile phone technologies to expand health services. Community health workers (CHWs) provide first-level contact with health facilities; combining CHW efforts with m-health may be an avenue for improving primary care services. As part of a primary care improvement project, a pilot CHW program was developed using a mobile phone-based application for outreach, referral, and follow-up between the clinic and community in rural Zambia. Materials and Methods: The program was implemented at six primary care sites. Computers were installed at clinics for data entry, and data were transmitted to central servers. In the field, using a mobile phone to send data and receive follow-up requests, CHWs conducted household health surveillance visits, referred individuals to clinic, and followed up clinic patients. Results: From January to April 2011, 24 CHWs surveyed 6,197 households with 33,304 inhabitants. Of 15,539 clinic visits, 1,173 (8%) had a follow-up visit indicated and transmitted via a mobile phone to designated CHWs. CHWs performed one or more follow-ups on 74% (n = 871) of active requests and obtained outcomes on 63% (n = 741). From all community visits combined, CHWs referred 840 individuals to a clinic. Conclusions: CHWs completed all planned aspects of surveillance and outreach, demonstrating feasibility. Components of this pilot project may aid clinical care in rural settings and have potential for epidemiologic and health system applications. Thus, m-health has the potential to improve service outreach, guide activities, and facilitate data collection in Zambia.
Introduction
M obile health (m-health) is a growing field using the ubiquity of low-cost mobile phone technologies to connect health services and patients. Mobile phone subscriptions were held by 96% of the world's population in 2013, including 89% penetration in the developing world. 1 Zambia is no exception, with 78% of urban and 40% of rural populations owning a mobile phone in 2010. 2 Mobile phones have been widely used in health-related settings 3 to improve clinical guidance via electronic care algorithms, 4 affect patient behaviors, [5] [6] [7] [8] and collect data. 9, 10 However, proportionally few trials have crossed from pilot phase to scale 11 or covered multiple diseases or components of care. 12, 13 Community health workers (CHWs) have been successfully used in varied primary healthcare interventions in developing countries. [14] [15] [16] Coupling mobile phone technology with CHWs is a particularly underdocumented area. Intuitive advantages include standardizing data collection, on-the-go clinical guidance, and linking the field to central sites. Presented here is the overview of a CHW program using mobile phone technology to improve clinical guidance, data collection, and patient services between community and clinic. Preliminary results also demonstrate feasibility of the CHW pilot program, which was one part of a large-scale primary healthcare cluster randomized stepped-wedge trial in Lusaka Province, Zambia.
Materials and Methods

PROGRAM CONTEXT: BETTER HEALTH OUTCOMES THROUGH MENTORING AND ASSESSMENT
In August 2010, a new system of CHW activities was initiated at six pilot sites in three rural Zambian health districts (Chongwe, Kafue, and Luangwa), with an estimated population of 456,017. 17 A description of the overall project, Better Health Outcomes through Mentoring and Assessment (BHOMA), has been reported elsewhere. 18 In brief, BHOMA is a stepped-wedge cluster randomized trial to improve clinical care quality, with interventions at both rural primary care facilities and the community. The primary outcome is overall mortality, with secondary outcomes of mortality by population, prevalence of malaria in children under five years old, and proportion of human immunodeficiency virus (HIV)-positive patients with controlled disease. The intervention phase began in April 2011 and will continue through 2014. This description covers the pre-implementation pilot project, from August 2010 to April 2011.
PILOT CHW PROGRAM
The CHW program was one of multiple community pilot interventions involved in the BHOMA trial. The goal was to strengthen connections between the clinic and community through patient follow-up and referral, and to emphasize early treatment and referral of ill individuals via routine household visitation. The program was organized around rural and periurban health clinic sites and their surrounding catchment areas, typically a less than four kilometer radius around a facility.
Prior to this program, the Ministry of Health (MoH) supported volunteer CHWs at all public clinics. Their activities included surveillance, referral, and follow-ups in a catchment area, but often with nonstandardized, paper systems. With endorsement from the MoH, these CHWs were incorporated where possible, and new CHWs (two on average) were recruited as needed to bring the total employed to four per site. Each CHW was responsible for surveying approximately 500 households using bicycles provided by the program.
DATA SOURCES AND SYSTEM
At each facility, standardized patient care forms were introduced for pediatric, adult, general antenatal, ill antenatal, and labor and delivery visits. These forms were modeled on the Integrated Management of Childhood, Adolescent and Adult Illnesses (IMCI/IMAI) and highlighted IMCI/IMAI-defined ''danger signs'' such as fever. 19, 20 Simple touch screen computers (model 615; J2 Retail Systems Inc., Irvine, CA) were placed at each facility for data entry. Following a patient visit, support staff entered the completed paper forms on these computers, connected with a local network to another small computer (model fitPC2 Revision 1.4; CompuLab Ltd., Yokneam Elite, Israel) acting as a local server for data storage. Transmission from local to central server occurred over cellular modems (model E220; Huawei Technologies Co. Ltd., Shenzhen, Guangdong, China) to send encrypted data packets over general packet radio service (GPRS) using the existing cellular network to access the Internet. From the central server, data were transmitted back to district servers for storage and to allow viewing of aggregate reports. Server data storage was done with CouchDB database software (Apache Software Foundation, Forest Hill, MD).
In the community around participating health clinics, CHWs captured data using survey instruments programmed onto a mobile phone provided by the project. The surveys were created with existing free, open-source software called CommCareÔ (Dimagi, Inc., Charlestown, MA) that runs on Javaenabled phones. 21 Four surveys were developed: a household visit, patient follow-up, referral, and monthly activity summary. The surveys collected data on demographics, disease symptoms and severity, and care-seeking behaviors and correlated with the patient clinic visit forms. Survey responses Fig. 1 . Overview of the data system involved in a community health worker (CHW) program using a mobile phone application to guide follow-up, referral of patients, and household visitation. Data were transmitted from the CHW and clinic to a central server via general packet radio service, which could then send back data to the CHW for follow-ups, to the clinic for monitoring reports, and to the district server for storage. If a visit met the criteria, follow-ups were sent automatically to a community health worker's mobile phone after routing through a central server. Symptom severity was based on the Integrated Management of Childhood, Adolescent and Adult Illnesses for predefined patient ''danger signs,'' applied to clinic visit forms.
also cued preset clinical guidance incorporated from the IMCI/IMAI, following the World Health Organization's validated approach. 22, 23 In the field, CHWs entered surveys on mobile phones in ''real time'' to document the client interview. Completed surveys were submitted if cellular network coverage was available. If not, or if the phone was powered off, the data were temporarily stored on the phone until network coverage became available and then removed after submission. Data were transmitted to the central server via GPRS and then back to the district servers. Pilot CHWs' data fees were prepaid monthly by the project. There were two main outputs for both clinic and CHW data after reaching the central and district servers. First, authorized users could view data at the clinic and program offices for performance reporting. Second, a list of follow-up requests was sent from the central server to a mobile phone via GPRS each time the CHW synchronized his or her phone with the server, as presented in Figure 1 . Follow-up requests were based on specific criteria ( Table 1) applied to patient visits at the clinic. The initial version (version 1.0) of the software for the mobile phones and clinics was implemented in August 2010. A revised version (version 2.0) was implemented in January 2011. Clinic software upgrades could be done manually or remotely via a secure shell protocol to connect to the central server. The phone application required manual updates after initial set-up. Trained program staff provided technical support. Solar power was supplied, including for charging mobile phones, at any facility where no national power grid was accessible.
CHW ACTIVITIES
Quarterly household surveillance visits. Each CHW was responsible for surveying all households within his or her catchment area on a quarterly basis, with a goal of identifying and referring individuals in need of care from either second-hand interview or direct evaluation. Household surveys were conducted with any adult household member. Separate interviews or surveys could be conducted as needed for referrals or clinic followup visits. Referral eligibility was based on MoH Fig. 2 . Flowchart for creating a community health worker (CHW) mobile phone follow-up request. If a patient complaint (illness or pregnancy-related) was not resolved at the clinic, a referral to a higher level of care or a follow-up clinic appointment could be scheduled. For those patients who had initial clinic visits that met the criteria for severity, a potential CHW follow-up was generated by the software. If a patient then missed the return clinic appointment or had been referred to a higher-level facility, a short-term additional window was then given for the patient to return to the clinic. If the patient did not return to the clinic in this window, the follow-up request was then released to the CHW mobile phone. guidelines 24 and included patients with certain symptoms (e.g., cough with fast respiratory rate), pregnant women not under care, and HIV-infected individuals not enrolled in care.
Follow-up requests. At the clinic, patient data were entered at the conclusion of a visit. If preset criteria were met, such as ''danger signs'' at the clinic visit, the software could automatically generate a follow-up request intended for the CHW's mobile phone. This request was sent to the phone only after a set period of time had elapsed wherein the patient could return to the clinic (Fig. 2) ; a patient's timely return to the clinic (and subsequent entry of patient data) was recognized by the software, which then ''closed'' the case. If the patient failed to return within the allotted time window, the follow-up request was transmitted to the phone with a target date for the CHW to interview the patient (usually three to five days after the missed clinic appointment). An interval of four to six weeks given to complete the request before the case was classified as lost to follow-up. The case was closed by the CHW when the CHW reported one of the following patient outcomes: the illness resolved (via CHW direct evaluation), death, movement from the area, or refusal of interview. If a CHW was unable to locate a patient in person or referred the patient back to clinic or if an illness was unresolved at follow-up, the case remained active on the phone and in the central database until an outcome was recorded (either at the clinic or by the CHW) or the follow-up window expired.
Referrals and monthly activity survey. During either a routine household or a follow-up visit in the community, CHWs could refer clients with a concerning history and/or exam finding to the clinic using a separate referral survey on the mobile phone. This generated an ID number at survey completion, which the CHW wrote onto a paper form for the client to take to the facility, to allow tracking of those who returned to the clinic. The CHW had the ability to designate a referral as ''life-threatening,'' a distinction tracked to evaluate if it would impact referral outcomes. CHWs also submitted a monthly survey of self-reported activities, including travel time and patient visits, with an opportunity for feedback or reporting problems. This monthly survey was for troubleshooting and monitoring only.
PROGRAM MONITORING AND DATA ANALYSIS
Program monitoring occurred both at the sites and centrally. A team leader elected by the CHWs at each site was responsible for conducting bimonthly progress meetings with other CHWs. A trained clinic nurse held an additional monthly meeting at the clinic with all the CHWs. Individual performance reports were created for these meetings based on data submitted at both the facility and community, describing aspects such as patient attendance at clinic after CHW referral or number of follow-up requests completed. The reports were visible centrally at the program offices, at the MoH district offices, and at the individual clinics. A sample aggregated performance report is shown in Figure 3 .
This analysis was limited to information collected in version 2.0 of the database, which ran from its initial deployment on January 27, 2011 to the freeze date of May 1, 2011. Patient-level information was excluded from version 1.0 because of concerns around data reliability during the introductory training period. The analysis was conducted using SAS version 9.1 software (SAS Institute, Cary, NC). Ethical approval for the project was granted through the University of Zambia Biomedical Research Ethics Committee (Lusaka, Zambia), the University of North Carolina at Chapel Hill Institutional Review Board (Chapel Hill, NC), and the University of Alabama Birmingham Institutional Review Board (Birmingham, AL).
Results
QUARTERLY SURVEILLANCE HOUSEHOLD VISITS
Between January and April 2011, 24 CHWs conducted and submitted data for 6,197 routine household visits (mean, 100 visits per month per CHW), representing 33,304 total household members, including 6,294 children (under 5 years). In total, two deaths were reported through routine household visits during these months, both of children less than one year old.
COMMUNITY FOLLOW-UP AFTER A CLINIC VISIT
There were a total of 15,539 clinical visits at the six pilot facilities over the course of the study period (Fig. 4) , representing 11,501 individuals with at least one clinic visit. Of these visits, 1,466 (9%) met criteria ( Table 1 ) for a CHW follow-up visit. Prior to a request being transmitted to the phone, 293 potential cases were closed by a patient returning to the clinic on his or her own. Overall, 1,173 clinic visits resulted in an active follow-up request being generated and sent to a phone, and CHWs were able to have at least one visit with 873 cases. In total, CHWs interviewed and obtained outcomes on 741 of 1,173 (63.2%) of the requests. Another 237 (20.2%) outcomes were subsequently obtained at the clinic, either after an initial CHW interview and subsequent patient return to clinic (n = 31) or by a patient Fig. 3 . Aggregated average performance report for 22 of 24 community health workers at pilot clinics from January to April 2011. Data submitted by the community health workers and from patient visits at the clinic were aggregated into graphical de-identified reports used for performance evaluation and monitoring in scheduled meetings with each community health worker.
returning to clinic before the CHW completed the follow-up (n = 206). The remaining 195 (16.6%) cases were without an outcome (including those who left the area, who refused interview, or were lost to follow-up). Either at CHW follow-up or at the clinic, 14 deaths were recorded ( Table 2) .
At initial CHW follow-up, reported resolution of the primary illness from a clinic visit (n = 519) was more likely in pediatric (<15 versus ‡15 years: odds ratio [ Table 3 .
Discussion
This program demonstrates the real-world application of m-health in the context of rural primary care. Promising surveillance systems were reflected in the volume of households reached in routine visits and individuals referred to clinic from the field, although it was not possible to predict clinic attendance. With standardized patient visit forms at the facility, the software system generated automated followups for CHW mobile phones that allowed case tracking between clinic and field. CHWs were able to successfully visit most of the follow-up requests and collected outcomes on the majority of these cases from the field.
A specific strength of the program was the scale of community outreach through CHW routine household visits. Reliable health surveillance networks for early illness identification and referral Fig. 4 . Flowchart of clinic visits that generated requests for community health worker (CHW) follow-up. After cases met the criteria for follow-up, their data were sent to a CHW mobile phone, and resolution was reached through a CHW completing the request, the patient returning to the clinic, or expiration of the request after four to six weeks. LTFU, lost to follow-up.
are critical to strengthening health systems.
25 Through 6, 197 surveillance home visits, almost 8% of the estimated population of the three rural districts 17 were reached by only 24 CHWs, and over 800 individuals were referred to the clinic from field visits. However, although the hope was to promote early identification and referral of ill individuals, it was not possible to predict clinic attendance using symptoms, CHW-assessed severity of illness, or demographics. A core second strength was the comprehensiveness of the data system, with complementary and standardized collection tools allowing tracking of cases between community and clinic. Of all clinic cases sent for a follow-up request, CHWs contributed outcomes on 60% of cases and had a community follow-up visit with 74% within four to six weeks, demonstrating the ability to follow individual cases through phases of care. Monitoring was also a key capacity of the program, with monthly reports and performance meetings for both CHW and clinics used for tracking progress and troubleshooting.
An important weakness was the low ascertainment of deaths and potential for biased outcomes sampling. During routine household visits, the lack of unique household identifiers, reporting methods (e.g., depending on verbal report of deaths), and possible failure to complete separate referral surveys potentially contributed to sampling bias, low referral rates, and underreporting of mortality. Additionally, the high rates of resolution at the time of CHW follow-up for those with IMCI/IMAI-defined ''danger signs'' at the initial clinic visit raised the concern that existing algorithms for follow-up might be missing those who were actually ill; accordingly, the software was revised to trigger follow-up of 1:50 clinic patients not meeting criteria for follow-up otherwise.
This program had specific technical challenges. The software required multiple updates as feedback and data became available. Despite education requirements, literacy and technologic proficiency levels were barriers to some CHWs. It was also necessary to monitor phone use for tampering or inaccurate data entry. Powering phones was another problem in several sites and required purchasing small solar phone chargers in addition to the solar panels installed at the facilities for power.
Implementation in similar settings has other limitations to consider, including stress placed on existing systems, costs implications, and effects of project conclusion. To this end, CHW workload monitoring and feedback mechanisms were incorporated into the system. Formal cost evaluations will be included in the BHOMA outcomes. Lastly, building on existing MoH infrastructure, avoiding incentives tied to outcomes, and prioritizing use of low-cost local supplies will ideally minimize impact of project withdrawal.
M-health is an increasingly active area of research. However, many existing interventions have a narrow scope, 11, 26 whereas this system is comparably widely focused in both technologic scale and program goals. (video, voice), enhanced two-way communication (e.g., CHW to CHW), or increased epidemiologic data collection. 12 This program could be adapted for other low-resource settingsand other health services-if basic infrastructure such as a cellular network was available. For example, similar systems could be used to promote HIV services such as adherence counseling through household visitation, follow-up of ill or inactive patients, and referral of appropriate clients. Diverse CommCareÔ projects are underway in over 25 countries, including maternal health projects in Afghanistan and child health in Tanzania. 27 Although rigorous outcomes are unavailable until BHOMA's conclusion, these data suggest that CHWs and mobile phone technology have potential for increasing service outreach, facilitating clinic-community interaction, and enhancing data collection in Zambia. 
